Using a linear optical diffraction method, we have experimentally studied the long predicted diffusion anomalous behavior for H͞W͑100͒ near the reconstructive phase transition of the W͑100͒ substrate. This anomaly manifests itself in the form of a strong dip in the diffusion coefficient D at the transition temperature T C . We interpret the strong reduction of D as a result of the diverging friction damping near the transition. The finite dip in D instead of a vanishing D at T C also demonstrates the importance of the non-Markovian (memory) deviation from the simple instantaneous damping picture.
Surface diffusion near an adsorbate or substrate phase transition is expected to have anomalous, non-Arrhenius temperature dependence based on theoretical grounds [1 -3] . Experimentally, such behavior has often been observed near adsorbate layer phase transitions and is sometimes even used to identify surface phase transitions [4] [5] [6] . However, the underlying physics for such observations is rarely understood, mostly due to the lack of knowledge of the nature of the relevant phase transitions. In contrast, the nature of the substrate reconstructive phase transition of the W͑100͒ surface is well understood [7 -16] . For the continuous surface reconstruction, there also exist clear theoretical predictions for the anomaly of the diffusion coefficient D [1]. Thus, it provides an ideal model system to investigate the effect of the substrate phase transition on surface diffusion.
In this work, we set out to investigate experimentally the predicted diffusion anomaly of H͞W͑100͒ near the substrate reconstructive phase transition. The experiments were carried out in a UHV system with a base pressure of 2 3 10 210 torr. A single crystalline W͑100͒ sample was cut and mechanically polished to within 0.1 ± from the ͑100͒ plane. This substrate was first cleaned by cycles of oxygen treatment at 2 3 10 27 torr and 1480 K with subsequent flashings to 2000 K, and then recleaned by flashing to 2000 K prior to each diffusion measurement. Fast liquid nitrogen cooling from 2000 to 90 K could be achieved in about 3 min. The dissociative adsorption of H on the W͑100͒ surface was carried out at approximately 90 K by leaking H 2 gas into the chamber followed by annealing for 2 min at room temperature [10] , and the H coverage was calibrated by thermal desorption spectroscopy. The diffusion coefficient D was measured using the linear optical diffraction technique [17] with a small coverage modulation of about 0.03 ML. D was measured as a function of substrate temperature, T, over a range from 210 to 430 K for three different H coverages, 0.08, 0.17, and 1.2 ML. The adsorbate grating spacing was chosen to be 3.9 mm when D is slower than ϳ10 29 cm 2 ͞s and 6.7 mm when D is faster than ϳ10 29 cm 2 ͞s. At the overlapping temperatures, the diffusion coefficients measured by both grating spacings were the same. From the diffusion measurements along different azimuthal orientations (rotated by about 45 ± ) on two different samples, both with ,0.1 ± miscut, we observed no azimuthal angle dependence for the present data.
The clean W͑100͒ surface undergoes a second order phase transition from a high temperature ͑1 3 1͒ to a low temperature c͑2 3 2͒ phase of p2mg symmetry at a transition temperature T C ϳ 250 K [10, 11] . At very low H coverages (,0.12 ML), the nature of the phase transition is similar to that of the clean surface with T C increasing steadily with H coverage [10, 14] . Above 0.12 ML, the low temperature phase switches to a new c͑2 3 2͒ structure with c2mm symmetry [10, 13] . The phase diagram of the W͑100͒ reconstructive transition has been well documented [10] and is shown in Fig. 1a . To verify this phase diagram and also obtain an independent calibration for the coverage, we first studied the transition with low energy electron diffraction (LEED). In Fig. 1b , the normalized peak intensity of the (1͞2, 1͞2) LEED spot is plotted as a function of temperature for the clean surface, 0.08 and 0.17 ML of H coverages. The inset also shows the typical LEED patterns at high and low temperatures, indicating the good ordering of the substrate. From the half intensity points, indicated by the horizontal dashed line in Fig. 1b , we estimate the transition temperatures for clean, 0.08 and 0.17 ML H coverage surfaces to be 245, 305, and 345 K, respectively, in agreement with the phase diagram in Fig. 1a .
In E diff ϳ 10.8 6 1.4 kcal͞mol. However, above 270 K the diffusion coefficient deviates significantly from the Arrhenius behavior and shows a pronounced dip around 290 K. The behavior of D for 0.17 ML H coverage is similar to that for 0.08 ML. Below 325 K, the data obey an Arrhenius behavior, but there is again a strong anomaly with a pronounced dip of D occurring at a higher temperature near 355 K. Finally, for the coverage of 1.2 ML, there is no observable diffusion anomaly ( Fig. 2 inset) . The diffusion data at this coverage can be fitted to an Arrhenius behavior over the entire temperature range with D 0 ϳ 10 2͑2.260.2͒ cm 2 ͞s and E diff ϳ 10.5 6 0.3 kcal͞mol. When compared to the phase diagram in Fig. 1a and the LEED result in Fig. 1b , we see that the temperatures at which the diffusion anomaly occurs for 0.08 and 0.17 ML correlate with the transition temperatures for the ͑1 3 1͒ to c͑2 3 2͒ transition at the respective coverages. Furthermore, it is known from previous studies that there is no observable phase transition at 1.2 ML [18] . Correspondingly, our diffusion data at this high coverage show no anomaly at all. The strong correlation of our diffusion data with the phase diagram suggests that the diffusion anomaly observed here is associated with the underlying substrate reconstructive phase transition.
We discuss now the origin of the anomalous diffusion near the substrate phase transition temperature. First, the diffusion energy barrier is determined by the short-range order of the substrate, which does not change abruptly near the phase transition. The prefactor D 0 , on the other hand, is governed by the frictional force on the adatom through its interaction with substrate excitations. At present, there are no reliable estimates for the H͞W͑100͒ system regarding the relative dominance of the electronic and vibrational contributions to the friction. However, near the reconstructive phase transition of W͑100͒, the electronic excitations basically do not change because they are determined by the short-range order, while the vibrational excitations are known to develop anomalous temperature dependence due to critical fluctuations of long wavelengths [19, 20] . In particular, the modes near the critical wave vector q 0 ͑p͞a, p͞a͒ soften and become overdamped as T approaches T C . The anomalous temperature dependence of the substrate phonons leads to critical singularities in the dynamic structure factor S͑q, v͒ near T C and ultimately to the diffusion anomaly. Near T C , S͑q, v͒ obeys the scaling form j z1͑g͞y͒ c g 6 ͑jq 2 q 0 jj c , vj z c ͒ where g 6 is a scaling function, j c~j T͞T c 2 1j 2n is the divergent correlation length, g is the susceptibility exponent, and z is the dynamical critical exponent [3] . In the Markovian limit of instantaneous damping, the frictional damping h is simply determined by the integration of S͑q, v 0͒ over a range of q determined by the coupling potential of the H adatom to the substrate [1, 3] . This leads then to a h diverging as jT 2 T C j 2x with x n͑z 2 d͒ 1 g (in d dimensions) and D ϳ h 21 vanishing as T approaches T C . A recent molecular dynamics simulation [3] yields 226105-2 226105-2 a value of the exponent x 1.8͑4͒ for the H͞W͑100͒ system in the zero coverage limit. We have fitted the present data for D to a power law behavior jT 2 T C j x in Figs. 3a and 3b . The fit in the critical region yields a value of the exponent x 1.6͑3͒ for 0.08 ML and 1.3(2) for 0.17 ML. The value at 0.08 ML is consistent with the theoretical result [3] . This exponent is nonuniversal and its value is expected to depend weakly on the hydrogen coverage which modifies the fourfold anisotropy in the model Hamiltonian [21] . The simple argument presented above applies only when T is not too close to T C . Two additional factors need to be considered which kill the infinite divergence of the frictional damping and result in a finite dip in D instead of it vanishing at T C . The first is the breakdown of the Markovian approximation that the frictional damping is proportional to the instantaneous velocity [22, 23] . As one approaches T C , the dynamic structure factor S͑q, v͒ get narrower and stronger and develops into a "central peak" structure [3] . When the width of this central peak gets narrower than the characteristic frequency for the motion of the H adatom, the time scale of the relevant substrate excitations is longer than the time scale of the motion of the hydrogen adatom. At this point, the instantaneous damping picture breaks down, and the divergence in the frictional damping is cut off. The second factor that suppresses divergence is sample imperfection such as finite size or a finite step density. As one approaches T C , the divergence of the correlation length j is cut off when it first reaches either the size of the system or the average spacing L between the steps [24] . From the sample miscut angle, we estimate that, for our sample, L 300a (a: lattice spacing), leading us well into the critical region before the divergence is finally cut off. In a previous study of diffusion for H͞W͑100͒ by the field emission fluctuation method [25] , it showed no anomaly in the temperature range from 220 and 350 K for coverages from 0.12 to 1.2 ML. This could be due to the suppression of the critical fluctuations associated with the transition either by the small sample size and/or by the strong electric fields in the field emission tip. Away from the critical region, our data agree closely within experimental uncertainty with those from the field emission study at the corresponding coverages [26] . It should be noted that the field emission method, just as the He scattering technique [27] , focuses on the microscopic mobility in a small area on the sample and does not feel the effect of the steps directly. So the agreement between the two sets of data indicates that the steps in our sample has little effect on the diffusion except in cutting off the true divergence of the friction near the critical region.
In conclusion, we have observed here the long predicted diffusion anomaly for W͑100͒ near the reconstructive phase transition of the W͑100͒ substrate. It manifests itself in the form of a strong dip in the diffusion coefficient at the transition temperature T C . The data correlate very well with the previously established phase diagram for this system. It also demonstrates the breakdown of the instantaneous damping picture. This leads to a cutoff of the critical divergence and a transformation of the anomaly from a vanishing of D into a finite dip at T C . Finally, we should mention that a very similar anomaly has been observed in the dynamics of the vortex lattice in type II superconductors [28, 29] . There, the electrical conductance of the superconductor (inversely proportional to the diffusion constant of the vortex lattice) shows a strong peak at the melting transition of the vortex lattice, yielding the so-called peak effect.
We 
